The safety, mobility, environmental, energy, and economic benefits of transportation systems, which are the focus of recent Connected Vehicles (CVs) programs, are potentially dramatic. However, realization of these benefits largely hinges on the timely integration of the digital technology into the existing transportation infrastructure. CVs must be enabled to broadcast and receive data to and from other CVs (Vehicle-to-Vehicle, or V2V, communication), to and from infrastructure or V2I, communication) and to and from other road users, such as bicyclists or pedestrians 2 | P a g e (Vehicle-to-Other road users communication). Further, for V2I-focused applications, the infrastructure and the transportation agencies that manage it must be able to collect, process, distribute, and archive these data quickly, reliably, and securely. This paper focuses V2I applications, and studies current digital roadway infrastructure initiatives. It highlights the importance of including digital infrastructure investment alongside investment in more traditional transportation infrastructure to keep up with the auto industry's push towards connecting vehicles to other vehicles. By studying the current CV testbeds and Smart City initiatives, this paper identifies digital infrastructure components (i.e., communication options and computing infrastructure) being used by public agencies. It also examines public agencies' limited budgeting for digital infrastructure, and finds current expenditure is inadequate for realizing the potential benefits of V2I applications. Finally, the paper presents a set of recommendations, based on a review of current practices and future needs, designed to guide agencies responsible for transportation infrastructure. It stresses the importance of collaboration for establishing national and international platforms for the planning, deployment, and management of digital infrastructure to support connected transportation systems across political jurisdictions.
INTRODUCTION
Advances in communication technology and data processing capabilities furnish the potential for vehicles to "talk" to each other or V2V) , to pedestrians or V2P) as well as to transportation infrastructure or V2I) .
Potential benefits from real-time communication between the elements of the transportation system are dramatic (Chang et al., 2015 , He et al., 2012 . For example, 3 | P a g e Connected Vehicles, or CVs (also referred to as "Vehicles with Connectivity"), which broadcast their data to infrastructure and other vehicles, could give drivers advance warning of impending collisions in time to avert dangerous circumstances, dramatically reducing crash damage, injuries, and fatalities. V2I connectivity between vehicles and "digital roadways," which feature roadside devices and backend computation infrastructure, could ensure safe and efficient traffic management in real time, which is not present on public roads today. CVs can benefit the environment with 9,400 tons of annual emission savings for an area covering 28-miles of US-75 in Dallas, TX. As reported by Chang et al. (2015) , about 27% of the delay can be reduced for six intersections in Anthem, AZ, and 11% of the fuel consumption can be eliminated for a 6.5 mile segment of El Camino Real, CA by V2I applications. Further, in the US, roughly 575,000 annual crashes at intersections could be avoided with the use of V2I (Chang et al., 2015) . Ultimately, the marriage of Automated Vehicle (AV) technology with advanced communication and data processing technology has the potential to revolutionize auto travel in ways not seen since the introduction of the auto itself (NHTSA 2017 , Shladover 2013 . . In future, these savings will come from utilizing the real-time traffic condition information broadcasted from increasing number of CVs, which will alert drivers, and ultimately their vehicle control systems when such technology exists. Existing studies have found upcoming congestion and incidents can be accurately identified using CV data (Ma et al., 2009 , Khan et al., 2017b . Further benefits from V2I will include better traffic management in work zones (e.g., alerts to motorists to avoid congested routes), better data on infrastructure use for supporting the work of transportation planning and engineering agencies, more timely and accurate condition assessments of transportation infrastructure, and optimized route planning for wireless power transfer for connected electric vehicles. Table 1 provides examples of the potential 7 | P a g e benefits from receiving data through CV applications for different stakeholders. The applications listed in this table are V2I-based applications, however a few also include V2V and V2P connectivity.
For these expected benefits to materialize, public transportation agencies need to accelerate CV application deployment efforts. As shown in Figure 2 , according to a US survey conducted in 2016, 59 (out of 95) transportation agencies (including both state and local agencies) have shown interest in deploying CV applications for freeway management, and 95 (out of 274) agencies plan to deploy them for arterial management (ITS Deployment Tracking 2018) . It is noteworthy that a relatively higher percentage of agencies are interested in deploying CV applications for freeway management (62%) than on arterials (34%). 
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Drivers / CVs
Information on potential collisions, harsh braking of vehicles in front, hazards at blind corners and intersections, and road obstructions such as construction zones for route planning V2V and V2I
Automated braking with connected vehicle warning systems: fatality reduction of 37-86 percent in South Australia (simulation study) (ITS Benefits, 2018) Information on signal phase and timing to maintain an optimized speed through green phases V2I
Predictive cruise control using traffic signal information: fuel consumption reduction of 24 percent (urban scenario) and 47 percent (suburban scenario) in South Carolina (simulation study) (ITS Benefits, 2018) Warnings about hazardous material and road conditions such as slippery surfaces, floods, potholes, etc.
V2V and V2I Data networking and GPS tracking: benefit-cost ratio up to 7.2:1 for HAZMAT trucking in the US (field test) (ITS Benefits, 2018) Information about points-of-interest such as parking, gas stations, restaurants, etc.
V2V and V2I On-street parking space information: cruising time reduction by 5-10 percent (simulation study) (ITS Benefits, 2018) To be sure, there is the potential for problems arising from CVs and AVs. With improved mobility, more people will be attracted to the roads, which will increase vehicle-miles travelled (VMT) (Hörl et al., 2016) . Empty vehicles will travel in between drop-offs and pickups for passengers and goods, adding to congestion. AV use may substitute for the use of transit, as the former will have no first mile\last mile issue. The potential impact of AVs and CVs on land use is somewhat ambiguous, as they may encourage dense development in cities or sprawling development in the suburbs (Bagloee et al., 2016) . If all connected vehicle drivers get the same navigation advice, or ask for signal priority simultaneously, network efficiency will be adversely affected. Solutions for these problems are possible. For example, in a real-time connected environment, the potential of achieving system equilibrium, with increasing penetration levels of CVs and AVs, will increase, which will reduce the risk of network overloading (Bagloee et al., 2017) . Also, intelligent algorithms can address the problem of all CAVs taking the recommended route to avoid congestion that could produce the unintentional consequence of further corridor-level or network-level delay. Dai et al. (2017) observed that the possibility of network-level congestion in their simulated network would be less if only 70% of vehicles could be routed to the first-choice route rather than all vehicles.
Automated vehicles
With proper planning, CVs and AVs can be synergistically integrated with the nonconnected vehicle stream in a sustainable fashion so that adverse impacts of CVs and AVs could be mitigated. Krechmer et al. (2015) has discussed how CVs can be integrated in the planning process by both state and local transportation agencies in a coordinated way so that CVs can provide positive benefits.
It must be stressed here that V2I connectivity is an enabler which will allow AVs to reach their full potential (Litman 2017) . Although AVs will likely need to be able to operate without connectivity in order to be not dependent on external infrastructure for safe operations in case connectivity is not available, connectivity would dramatically Vehicles, AV sensor-related hardware and software failure caused five to eighteen percent of the total incidents that occurred during AV field testing (Bhavsar et al., 2017) .
Further, connectivity will lower failure rates of AVs by providing additional data beyond the coverage area of the AV sensors (e.g., LIDAR, camera). For example, tightly packed platoons of vehicles operating at high speeds will be possible in an AV environment, but the considerable safety challenges posed by this strategy would be dramatically reduced if vehicles at the front of the platoon communicated their speed and position to followers in real time. By providing information about current and planned actions of leading connected AVs, connectivity will help follower AVs to take early and appropriate responses. In addition, intelligent intersections will feature signals which change phases based on current and future traffic conditions as determined by communications from oncoming CVs; this ultimately may even dispense with the need for traditional signals altogether (Fayazi and Vahidi, 2017) , as vehicles can be woven through the intersection, dramatically increasing throughput. Also, external connectivity, including connectivity with roadside or roadway infrastructure, will reduce the extent and cost of the sensors and computing systems AVs may be required to carry on-board. Shladover (2013) found that connectivity can augment data captured by AV sensors, which will: (a) reduce the impact of AV sensor uncertainty, (b) limit processing lags for filtering AV sensor data, and (c) capture information beyond AV sensors' coverage. To truly maximize the benefits of AVs, then, connectivity will be essential. (Chintapalli et al. 2013 , de Carvalho et al. 2017 , Ghadialy 2015 , Hpbn 2018 , Lee et al. 2018 , Odiaga et al. 2016 , Remy and Letamendia 2014 , Shabbir and Kasif 2018 , Zhou et al. 2009 ). Because of the different strengths and weaknesses of the different technologies, it is recommended that a realworld connected TCPS make use of a heterogeneous network which can support multiple applications at the same time (Siegel et al. 2018 , Dey et al. 2016 , which can be leveraged by public agencies. 
TCPS Computation Options for V2I Applications
On-premise computing (e.g, Traffic Management Center (TMC) servers), cloud computing, and edge/fog computing are available for V2I applications. Robust and reliable algorithms for V2I applications often have to meet real-time and/or near-real time processing requirements (Zheng et al. 2015) . To make the TCPS scalable and resilient with increasing numbers of CVs, edge computing is a viable option for public agencies.
An "edge" is any computing resource (e.g., an on-board unit or OBU, RSU, server) which can help with data storing, processing, and service request distribution along the path between CV data sources and CV data consumers (Shi et al., 2016) . Edge computing paradigm in a CV environment can be defined as computational services to run CV applications in computing devices, such as in RSUs, that are distributed by nature and close to the data sources (e.g., CVs), which facilitates low data loss and data communication latency between CV the data sources and computational services. By distributing the computation to different edges, edge computing also ensures high (2017) demonstrates a number of diverse cases where edge computing will be particularly effective.
CURRENT DIGITAL INFRASTRUCTURE INITIATIVES IN CV
CV Testbeds and Initiatives
V2I applications will require common standards to insure interoperability, 16 | P a g e Outside the US, Asian and European countries are also active in conducting research and deploying pilot projects involving CVs (Khan et al., 2017a) . In Europe, there has been an accelerating effort to deploy CV technologies and make the roads ready for connected vehicles. Table 4 outlines some existing CV deployment sites outside the US. Among other initiatives, the European Commission, through its Europe on the Move strategy, has recently completed its agenda on safe mobility (using mandatory advanced driving features and smarter roads to move toward a goal of zero road fatalities by 2050), clean mobility (with new CO2 emission standards for heavy-duty trucks aiming at a 30% reduction in emissions by 2030), and connected and automated mobility. Four hundred and fifty million euros are being invested to achieve these goals (European Commission, 2018) . There is a current investment program in the UK that is allocating £11 billion between 2015 and 2021 for the creation and upgrading of "smart motorways" (Highways England, 2017) . These motorways will automatically keep track of congestion to dynamically change speed limits, as well as open hard shoulders as traffic lanes to mitigate congested conditions. While this investment is commendable, and has been successful in terms of reducing congestion, a more forward-looking investment would include CV technologies. A comprehensive detail of UK's 2018 projects can be found at CCAV (2018). 
Connected Transportation and Smart Cities
Connectivity in transportation is a key element of the "Smart Cities" concept, or, as a recent report from the USDOT (2014) calls it, the "Smart/Connected Cities" concept.
USDOT foresees Smart/Connected Cities as interconnected networks of systems including employment, transportation, public services, buildings, energy distribution, and more. These are referred to as systems of systems, which are linked together by Big Data is characterized by volume (i.e., large data size which cannot be analysed with traditional data analysis software), velocity (i.e., data coming in real-time, or a certain interval), veracity (i.e., trustworthiness of the data), variety (i.e., data having different formats, and types), and value (i.e., worth or efficacy of the data) (Khan et al., 2017a) . In addition to collecting and transmitting data, infrastructure will sometimes receive instructions for action. The goal is to create synergies between smart and programmable infrastructure systems, such as the electricity grid, waste disposal, water distribution, healthcare, and more. Connected transportation is a major element of Smart Cities, as is shown in Figure 4 . The digital infrastructure may process information not only on traffic flows and road conditions, but also on related systems such as energy systems (e.g., fuel consumption by vehicles), the environment (e.g., vehicle emissions, hazardous material exposure), and the community (e.g., traveller information, traveller satisfaction). According to the proposed budget plan, 3% (i.e., $37 million) of the total DOT budget was to be allocated to be used for ITS programs in 2016. However, the actual budget spent was only $27 million (CDOT 2015). As these data suggest, the ITS program budget in many US states is not sufficient to implement the widespread digital infrastructure for the V2I applications of the future.
In the UK, while investment in ITS infrastructure has recently increased (since 2015 there has been over £1.5 billion in ITS investment in England for upgrading the motorways), much of it is limited to the trunk roads and motorways, primarily in 
FUTURE DIRECTIONS TO OVERCOME CHALLENGES IMPEDING V2I DEPLOYMENT
Political Challenges and Opportunities
This lack of resources for V2I comes in the context of increasingly constrained funds for transportation in the US. Although the United States was a world pioneer in terms of funding and building a massive highway system, in recent decades a lack of funding and political will has precluded dramatic new investment in highway infrastructure. Clearly, if resources are lacking even to keep pavement in good condition, questions abound about funding for digital infrastructure. This is unfortunate because the technology exists, and has been proven feasible as well as highly beneficial, to integrate travellers, such as drivers, cyclists, and pedestrians, and infrastructure, such as traffic lights, open-road tolling facilities, DMS boards, highway onramp meters, and regional traffic control centers. Thus far, despite promising pilot programs, the political will to deploy this technology on a large scale has proven elusive. This lack of willingness is evident from the funding shortfall and discrepancy between automotive R&D and public investment in traffic management infrastructure. In 2015, global automotive R&D expenditure for 92 auto companies was $109 billion (PWC 2015) , while the global traffic management system market was only $4.12 billion (Market Research, 2016) . Such an investment mismatch may lead to an environment where the benefits of a smart, connected ecosystem will never fully reach fruition.
In addition to a lack of financial resources, several other hurdles must be surmounted in order to proceed from the research phase to the actual deployment of V2I
technologies by the public sector. According to the United Nations Economic Commission for Europe, the impediments inhibiting ITS deployment include a lack of political will, a lack of harmonized ITS deployment policies, and a lack of coordination between public agencies and the private sector (UNECE 2012). Based on prior experience, different agencies/stakeholders will have different perspectives on who should take the lead in investing in, operating, and maintaining digital connected infrastructure. Identifying the roles and responsibilities of stakeholders (as shown in Table 5 ), and developing a consensus regarding the investment, deployment, operations and maintenance of the digital infrastructure, are the most critical steps in mainstreaming CV technology. is a repository for all fixed-location loop detector data in the state. From the more than 23,000 loops statewide, 2 GB of data are collected by PeMS per day (Choe et al. 2012) .
In contrast, a single CV can produce 25 GB of data per hour (Hitachi 2015) , and AVs can produce more than 165 GB per hour (Velde et al., 2017) . This enormous disconnect calls for dramatic investment to upgrade existing information technology infrastructure to make it fully capable of handling Big Data from both vehicles and infrastructure.
National, state, regional and local-level edge computing guidelines need to be established to successfully handle the data generated by CVs.
Other concerns must be addressed before CV digital infrastructure will become "public ready." For example, the security of the digital infrastructure and privacy of the users must be guaranteed. Earlier studies have investigated the cyber-security aspect of V2I applications for different public infrastructure components like RSUs (Islam et al., 2017) and connected traffic signal controllers (Feng et al. 2017) . USDOT has also developed the Security and Credential Management Systems to protect privacy among the communicating devices, thus ensuring security, which can be used by public agencies for digital infrastructure deployments. As shown in Figure 5 , many US agencies have cyber security policies in place for ITS devices, but for V2I applications these policies will not be sufficient, as the number of external connected devices will be higher than exist today. Public agencies should collaborate with industry and academia to develop a resilient cyber-security framework for TCPS. Further, as we have noted, the standardization of these technologies across political jurisdictions must be established in order to facilitate interoperability and provide the requisite levels of both efficiency and security. Finally, there are issues in terms of the wireless communication network. For example, as we have noted, HetNet is required for multiple V2I applications (including safety, mobility, and environmental applications). In HetNet, DSRC could provide low latency within a limited range for safety critical applications such as collision warnings, while for applications that require longer range but where higher latency is acceptable, such as queue warnings to vehicles not within a DSRC limited range, other options such as LTE may be more appropriate (Dey, et al., 2016) . However, once deployed and incorporated in HetNet, the cellular 5G network could support early rollout of CV and Smart City initiatives. 5G will provide more data at a higher transmission rate for an increased number of simultaneous users in larger portions of the coverage area compared to the cellular 4G network (Rappaport et al. 2013 (Dawes et al. 2016) . Based on the available data, developers can create application for citizens. Also, New York City has established annual 'BigAppsNYC' competitions to encourage local entrepreneurs and researchers to develop applications. Creating such outreach programs and other similar competition/training activities will help agencies to realize the maximum benefits from V2I applications, and provide blueprints for programs that can be adopted by other cities.
Public agencies need to justify the investment in digital infrastructure to successfully implement V2I applications. At first, agencies should identify the critical areas under their jurisdiction where V2I applications will bring the maximum benefit.
Based on agency requirements and application criteria, the key design considerations (i.e., computing infrastructure, communication technology) can vary. Existing literature provides sufficient data about the costs and benefits of digital infrastructure components, which can be used by public agencies to help justify funding requests (Williges et al., 2018 , ITS Benefits 2018 , Co-Pilot 2015 . states by 2020, and maintain its operations for a minimum of 10 years (Zmud et al. 2017) .
With this challenge, AASHTO wants not only to provide technical resources with implementation guidelines, but to identify funding sources for the participating agencies.
Whatever financing methods are chosen, the path forward for mainstreaming digital roadway infrastructure necessitates creating strong partnerships between all CV stakeholders, particularly private industry and public agencies. With foresight, commitment and cooperation, V2I may engender a unique public/private collaboration, with private industry developing the in-vehicle components of a CV system and public agencies equipping the infrastructure with complementary technology. Such a collaboration will be greatly mutually beneficial.
CONCLUSIONS
The benefits of CV technology are clear, multifaceted, and potentially dramatic.
Travelers, automakers, insurers, public agencies, and the general public all stand to reap the rewards from an environment featuring V2I communication, including improved safety, enhanced environmental sustainability, increased mobility, and much else.
Unfortunately, the investment and regulation that are required to reach this potential is lagging. Although automakers are beginning to commit resources to CV technology for V2V communications, they are understandably reluctant to depend on public agencies given that the current public infrastructure is not ready to interact with connected vehicles. In the US, there have been federal investments, especially in the research, development, and pilot deployment of V2I infrastructure. However, investment is lacking at the state and local levels. There must be regional, national, and international collaboration to engage private and public stakeholders in planning and implementing digital infrastructure. The products of this collaboration must include platforms that will allow public and private stakeholders to cooperate in CV deployment, with common architecture and standards which would allow for interoperability between vehicles, infrastructure, and devices across political jurisdictions. This in turn will benefit private enterprise through the success of its products, as well as government entities which will be better able to provide the public improved safety and mobility across the infrastructure they operate and manage. Failure to adopt common standards may result in haphazard deployment that would limit the efficacy of CVs.
Transportation agencies should imitate the existing CV and Smart City pilot sites' instrumentation strategies, moving toward deploying similar, albeit improved, technology on public roadways. Moreover, all stakeholders involved in the creation of this digital infrastructure must squarely address the remaining political, legal, and technical challenges, such as security and privacy, which have the potential to slow the development of CVs.
With foresight, commitment and cooperation, CVs may engender a unique public/private collaboration, with private industry rapidly developing the in-vehicle and infrastructure components of a CV system, and public agencies equipping the infrastructure with such technology. Another option could be total privatization of the digital infrastructure. Such efforts, either private/public collaboration or privatization, could greatly benefit not only the stakeholders, but society as a whole.
